On the other hand, the use of a large core diameter multi-mode fibre enables the detection of the full set of transverse modes diffracted from the SLM. The detection operator associated with
Abstract: Ghost imaging and ghost diffraction can be realized by using the spatial correlations between signal and idler photons produced by spontaneous parametric down-conversion. If an object is placed in the signal (idler) path, the spatial correlations between the transmitted photons as measured by a single, non-imaging, "bucket" detector and a scanning detector placed in the idler (signal) path can reveal either the image or diffraction pattern of the object, whereas neither detector signal on its own can. The details of the bucket detector, such as its collection area and numerical aperture, set the number of transverse modes supported by the system. For ghost imaging these details are less important, affecting mostly the sampling time required to produce the image. For ghost diffraction, however, the bucket detector must be filtered to a single, spatially coherent mode. We examine this difference in behavour by using either a multi-mode or single-mode fibre to define the detection aperture. Furthermore, instead of a scanning detector we use a heralded camera so that the image or diffraction pattern produced can be measured across the full field of view. The importance of a single mode detection in the observation of ghost diffraction is equivalent to the need within a classical diffraction experiment to illuminate the aperture with a spatially coherent mode.
Introduction
Nearly 20 years ago, Pittman et al. [1] and Strekalov et al. [2] published their seminal papers on ghost imaging and ghost diffraction using spatially correlated photons produced by spontaneous parametric down-conversion (SPDC). In ghost imaging [1] , the object is illuminated by one of the down-converted beams, and a single-pixel detector is used to detect the transmitted photons. A spatially resolving detector is placed in the path of the other down-converted beam. The signals from neither of these detectors themselves can produce an image of the object, yet the correlations between them yields an image. In essence, a transmitted photon in the object beam is position-correlated with its paired photon in the other beam, the position of which is recorded by the scanning detector. In a similar work performed by the same group [2] they were able to extend this concept to ghost diffraction where, if placed in the far field, the scanning detector could reveal the diffraction pattern of the object rather than its image.
Being based on photon pairs produced by SPDC, it was natural to assume that these phenomena were a manifestation of quantum mechanics. However, it is now recognized that many of the results in ghost imaging and diffraction can be replicated using classical sources. The uniquely quantum aspect is that background-free ghost imaging and ghost diffraction can be performed with the same apparatus where imaging and diffraction are manifestations of transverse position and transverse momentum correlations of the photon pairs [3, 4] . Within the classical approach for ghost imaging and diffraction, it is possible to work with correlated light sources in the intense light regime, for which intensity correlation measurements can be performed using standard CCD arrays [4] [5] [6] . In the quantum configuration, however, it is of course necessary to make measurements on single-photons belonging to a correlated pair produced by the SPDC source, placing technological requirements on the quantum efficiency of the detectors.
We have recently reported a technological advance in single-photon ghost imaging, where the scanning detector was replaced by a time-gated camera capable of measuring over the full field of view [7] . This eliminates the need for sequential scanning and increases the optical efficiency of the ghost imaging system proportional to the number of pixels in the image. In the present paper we extend this work to consider the additional requirements needed to perform ghost diffraction. Whereas ghost imaging requires only correlations in the source, ghost diffraction places additional constraints upon the detection.
When performing any simple diffraction experiment, a high contrast diffraction pattern is obtained only when the object is illuminated with a spatially coherent source. Within a ghost configuration this is equivalent to the detection of the photons transmitted by the object in a spatially coherent mode, whilst noting that the scanning/imaging detector in the other beam remains unchanged. The degree of visibility of fourth-order diffraction and interference patterns has been investigated by varying the collection area of the non-imaging single-pixel detector [8] [9] [10] [11] . In this work, we illustrate this restriction by fibre coupling the single-pixel detector used to collect the photons transmitted by the object. If a single mode fibre is used, then it is possible to perform both ghost imaging and ghost diffraction. If, however, the fibre is multimode, the ghost diffraction pattern is no longer visible.
As discussed, the use of a camera rather than a scanning detector gives an increase in optical efficiency compared to previous works. This image-based coincidence detection system [7, 12] is a versatile tool for applications in fourth-order imaging techniques [13] [14] [15] [16] [17] and for the study of spatial correlations of photons. 
Theoretical background
We consider the two-photon state produced by spontaneous parametric down-conversion in a thin non-linear crystal set for collinear type-I phase-matching. By selecting the correlated photon pairs at the degenerate wavelength by the use of narrow band interference filters, the spatial structure of the two-photon field can be described by a pure state |Ψ as
where ρ s and ρ i are the transverse coordinates for signal and idler photons at the SPDC source and |ρ represent a pure state of a single-photon in the transverse position ρ. The transverse mode function Ψ(ρ s , ρ i ) is non-separable and is written as an Einstein-Podolsky-Rosen like wave function of the form [18] [19] [20] 
where W is the transverse profile of the pump beam and Γ is the Fourier transform of the phasematching function. By using a pump beam with a relatively large Gaussian transverse profile, the transverse mode function is entangled over a wide range of spatial modes [20] . Let the generated photon pairs described by the state (1) propagate through the optical system depicted in Fig. 1 . Frequency-degenerate photon pairs are emitted in a collinear configuration and are probabilistically split at the beam splitter (BS). We name the transmitted and reflected output paths of the BS as the camera arm and the object arm, respectively. An imaging system characterized by magnification M is placed in both arms. Considering only the case where the photons are split at the BS, the propagated transverse mode function of the two-photon field can be written as
where ρ 1 = (x 1 , y 1 ) and ρ 2 = (x 2 , y 2 ) are the transverse coordinates in the object and camera arm, respectively, and a 50 : 50 beam splitter is assumed. Note that the inversion of the horizontal coordinate, x, caused by the reflection at the BS is neglected, as it is compensated for by further reflections in the optical system. The two terms in Eq. (3) represent the two possibilities in which signal and idler photons are split into different paths at the BS. The photons in the object arm are incident on a spatial light modulator (SLM) placed in the image plane of the SPDC source. The SLM is programmed to perform an amplitude modulation on the transverse profile of the photons, so its effect can be described by an aperture function A(ρ 1 ). A microscope objective lens collects the photons diffracted from the SLM, and is adjusted to focus a collimated light beam onto the input facet of a single-or multi-mode optical fibre. When using a single-mode fibre in the detection system, the photons diffracted from the SLM are projected into a single transverse spatial mode ψ mn that can be selected by the use of different holograms on the SLM [21] [22] [23] . In this case, the effect of the SLM in conjunction with the detection of the photon by the single-mode fibre can be described by the measurement operatorΠ
where the state |φ mn is written as
Here ψ mn is a square-integrable two-dimensional function whose indices m and n are associated with orthogonal transverse degrees of freedom such as the cartesian coordinates x and y or the polar coordinates given by the azimuthal angle and the radial position. The detection of a photon in the object arm heralds the presence of a photon in the camera arm, whose state is prepared according to the measurement performed on its correlated partner [24] [25] [26] [27] . By projecting the photon in the object arm in the pure state given in Eq. (5), the correlated photon in the camera arm is prepared in a pure state |χ mn 2 given by
where the mode function χ mn (ρ 2 ) is given by the overlap integral
Here Ψ (ρ 1 , ρ 2 ) is the propagated transverse mode function (3) of the two-photon state and it is assumed that the aperture function is real: A = A * . For an idealized EPR state, the two-particle wave-function is written as a delta function, Ψ EPR (ρ 1 , ρ 2 ) = δ (ρ 1 − ρ 2 ). Considering the twophoton transverse mode function (2), this corresponds to a limit of infinitely large transverse pump profile W and infinitely thin non-linear crystal. In this limit case, the transverse mode function of the heralded state (6) is given by χ mn (ρ 2 ) = A(ρ 2 )ψ * mn (ρ 2 ), which is the complex conjugate of the mode function in which the photon in the object arm is projected, and thus is modulated by the object's aperture function A. In our experiment, the mode function ψ mn in which the projection is made is a fundamental Gaussian mode, ψ G , and the overlap integral (7) can be calculated from the mode decomposition of the SPDC transverse wave-function (2) for a Gaussian pump beam: [28] [29] [30] ]. The heralded state (6) of the photon in the camera arm based on the Gaussian projection of the trigger photon is given by a pure state whose transverse mode function is modulated by the object's aperture function
the multi-mode fibre can be written as a sum of the measurement operator (4) over a complete set of modesΠ
where we used ∑ m,n ψ mn (ρ)ψ * mn (ρ ) = δ (ρ − ρ ) with {ψ mn } being a complete set of orthogonal functions described by discrete indices m and n spanning the transverse mode space of the photons. In this case, the heralded photon in the camera arm is prepared in a mixed stateς 2 given by [24] 
where Tr 1 is the partial trace with respect to the photon 1 in the object arm. In the following we will calculate the detection probabilities for the heralded states (8) and (10) in the camera arm.
Detection probabilities on the ICCD camera
In the transmitted path of the BS, the photons propagate through a system of lenses and are detected on the ICCD. The acquisitions of the ICCD are triggered by the detection of a photon in the object arm, such that photons detected on the ICCD and in the object arm belong to the same generated pair. The overall propagation distance from the SPDC source to the ICCD is 22.8m, and was chosen to compensate for the electronic delay of the trigger mechanism [7] . The ICCD is placed either in the image or Fourier plane of the SPDC source, each configuration selected by means of interchangeable lens systems. The magnification of the camera arm imaging system, M, is equivalent to that of the object arm, whereas the Fourier system is characterized by an effective focal length f e . In both configurations, the ICCD provides a multi-pixel detection system capable of measuring the full transverse field of the down-converted light in the camera arm.
When the acquisitions of the ICCD are triggered based on the detection of the correlated photon with the single-mode fibre, the detection probabilities can be calculated from the pure heralded state given in Eq. (8) . By positioning the ICCD in the image plane (IP) or far-field (FF) of the SPDC source, the detection probabilities are
and
respectively, where k = 2π/λ is the wavenumber of the down-converted photons. The functions A andψ G are, respectively, the Fourier transform of the object's aperture function A and the Gaussian mode ψ G coupled into the single-mode fibre. The Gaussian mode ψ G is defined at the plane of the SLM, and its size is set by the microscope objective lens used to couple the light on the SLM into the single-mode fibre. By adjusting this coupling such thatψ G is very narrow, we can approximate Eq. (12) by the Fourier transform of the aperture function. Using the trigger from the multi-mode detection system, we calculate the detection probabilities on the ICCD from the heralded state given by Eq. (10). The detection probabilities at the image plane and far-field of the SPDC source are and
respectively.
The down-converted photon pairs display a strong position correlation and momentum anticorrelation [31] . With the ICCD positioned in the image plane of the SPDC source, the photodetection position is correlated with the position of the trigger photon at the plane of the SLM, reflecting in the detection probabilities (11) and (13) being shaped by the object's aperture function A and generating a ghost image of the object. Detecting the trigger photons with a single-mode fibre modulates the ghost image on the ICCD with the gaussian mode ψ G . On the other hand, the use of the multi-mode fibre is equivalent to a bucket detector that is able to detect the full set of modes transmitted through the aperture [1, 7] . In this case, the object's aperture function is modulated by the full down-converted light intensity, generating a ghost image on the ICCD with contributions from the full set of transverse modes.
Although the detection probabilities in the far-field using both the single-mode (12) and multi-mode (14) detection systems contain information about the object's aperture function, its diffraction pattern |Ã| 2 is only visible when using a single-mode detection at the object arm. The detection probability (12) is given by the convolution of the Fourier transform of the object's aperture function and the Gaussian distribution of the detection mode. This is a typical diffraction pattern generated by a single-mode illumination of an aperture. On the other hand, the detection probability (14) is equivalent to the diffraction pattern of an aperture illuminated with an incoherent superposition of multiple transverse spatial modes. The resulting detection probability in this case is the sum of the diffraction patterns generated from each transverse mode.
Experimental setup
Our correlated photon imaging and diffraction experiment is based on spatially entangled photons from SPDC and a triggered multi-pixel detection system [7] , as illustrated in Fig. 1 . The spatially entangled photons are produced by a type-I phase-matched SPDC source using a 3mm long β -barium borate (BBO) crystal pumped by a high-repetition rate laser at λ p = 355nm producing near-collinear propagating, frequency degenerate down-converted photons at λ = 710nm that are selected by the use of 10nm wide band-pass interference filters.
The output of the pump laser (a JDSU Xcyte Series pulsed laser with pulse width of 10ps and repetition rate of 100MHz) is spatially filtered to produce fundamental Gaussian beam with a diameter of approximately 1.3mm (FWHM). We use an imaging system with magnification M = 3 to produce an image of the output field of the SPDC source onto the SLM (in the object arm) and onto the input plane of an image preserving delay-line (in the camera arm). These imaging systems comprise of a 100mm focal length lens placed between the BBO crystal and the BS and two 300mm focal length lenses placed between the BS and the SLM and between the BS and the input plane of the delay line (DL). Both the SLM and the input plane of the DL are located at 80cm from the BBO crystal.
The illumination pattern used to probe the SLM is a 3 times magnified image of the output field provided by the SPDC source. This is a spatially incoherent [32] , multi-mode beam with a diameter of ≈ 4mm (FWHM). Our SLM is a LCOS-SLM from Hamamatsu with an array of 600 × 800 pixels of size 20µm. The SLM is programmed to produce an amplitude modulation with the shape of a chess board, i.e. a pattern of alternate opaque and transparent squares. The aperture function A(ρ 1 ) associated with this modulation assumes only the values "0" or "1", such that A 2 = A = A * . The side length of each square is 300µm, corresponding to 15 pixels of the SLM. The output light of the SLM is collected by a ×4 microscope objective lens and focused onto the input facet of an optical fibre connected to a single-photon avalanche diode (SPAD).
The counts registered in the SPAD indicate the detection of photons diffracted from the SLM but give no information about the object A(ρ 1 ). We use the electronic output signal from the SPAD to trigger an acquisition of the ICCD camera placed in the camera arm [7, 12] . The ICCD (Andor iStar 334T with a generation 3 image intensifier) is operated in direct gate mode, meaning that the gate duration of the intensifier is set by the length of the trigger pulse (≈ 15ns). In order to detect photons belonging to the same generated pair, the trigger of the intensifier on the ICCD must be synchronized with the arrival of the correlated photon on the ICCD. As demonstrated in [7] , the delay of our triggering mechanism is approximately 70ns, which we compensate by means of a 22m long delay line in the camera arm. The delay-line consists of a number of consecutive telescopic imaging systems with unity magnification, imaging the transverse spatial distribution of the photons from the input to the output plane of the DL, and is represented in Fig. 1 by the dashed line in the camera arm. Thus, by properly adjusting the length of the cables from the SPAD to the ICCD, we are able to detect the photons whose correlated partners have been detected by the SPAD. A switchable lens system is used after the DL to re-image or to Fourier transform the downconverted field at the output plane of the DL onto the ICCD. The transformation from the SPDC source to the ICCD is characterized either by an imaging system with magnification M = 3 or a Fourier system with an effective focal length of f e ≈ 167mm. Using the ICCD camera, we recorded images of the down-converted light in the image plane and the far-field of the SPDC source, as shown in Fig. 2 . These images were acquired using the internal trigger of the ICCD to gate the intensifier continuously (10 acquisitions of 1s each), thus revealing the intensity pattern of the SPDC light. As shown in Fig. 2 , the diameter of the down-converted beam as seen on the ICCD is approximately the same in both configurations. The illumination pattern used to probe the SLM in the object arm is equivalent to the distribution shown in Fig. 2(a) .
Experimental results
Using the settings described in the previous section, we acquired 1800 triggered images on the ICCD for each of the four configurations (single-and multi-mode fibre with the ICCD in the image plane and far-field). Each image was acquired over a τ = 2s exposure, resulting in a total acquisition time of 1 hour. We work with a region of interest (ROI) on the ICCD comprising 600 × 600 pixels operating in the single-photon counting regime; applying a binary threshold to the pixel outputs of each acquisition [7, 33, 34] and summing the resulting pixel intensities over all acquired images. As the pixel size of the CCD chip is 13µm, the field of view of the selected ROI is (7.8 × 7.8)mm 2 . Figure 3 shows the resulting images using the single-mode fibre (3-a and 3-b) and multi-mode fibre (3-c and 3-d). Horizontal cross-sections of the acquired images are shown in Fig. 4 . The displayed cross-sections were averaged over the 20 central rows for the images taken in the image plane and over the 120 central rows for the images taken in the far-field. Figure 5 shows a 200 × 200 pixels enlargement of the central part of the acquired images.With the ICCD positioned at the image plane, ghost images of the chess board pattern are obtained using both the single-mode, Fig. 3(a) , or the multi-mode, Fig. 3(c) , detection system. On the other hand, with the ICCD positioned in the far field, a diffraction pattern of the chess board is visible only when using the single-mode detection system in the object arm, Fig.  3(b) . As shown in section 2, these images correspond to the detection probabilities of the heralded states (8) and (10) in the image plane and far-field of the SPDC source. The single-mode detection of the trigger photons in the object arm prepares the pure heralded state (8) , whose detection probabilities in the image plane and far-field of the SPDC source are given in Eq. (11) and (12) , respectively. The intensity pattern of the image shown in Fig. 3(a) [see also Fig. 5(a) ] is given by the object's aperture function modulated by the intensity profile of the Gaussian mode in which the trigger photons are projected, as described in Eq. (11) . By placing the ICCD in the far-field of the SPDC source, we record the image shown in Fig. 3(b) [see also Fig. 5(b) ], which correspond to the convolution of the Fourier transforms of the object's aperture function and of the Gaussian detection mode. The trigger detection system with the multi-mode fibre (core diameter of 400µm) acts as a bucket detector, collecting all the light transmitted through the object. The heralded state (10) prepared based on this detection is an incoherent sum of the single down-converted modes given in Eq. (7) . The detection probability of this state in the image plane (13) is position correlated with the trigger photons in the SLM, giving rise to a ghost image of the chess board pattern with contributions of multiple down-converted modes, as shown in Fig. 3(c) [see also Fig. 5(c) ]. With the ICCD in the far field, we measured the diffraction pattern associated with this incoherent sum of spatial modes, shown in Figs. 3(d) and 5(d) , which is similar to the intensity distribution of the down-converted light as seen on the camera ICCD [see Fig. 2(b) ].
We adjusted the SPDC source intensity to reduce the probability of generating multiple photon pairs within one gate of the intensifier. This was achieved by inserting a neutral density filter in the path of the pump beam and by controlling its polarization. The measured count rates in the object arm were 1.323kHz when using the single-mode fibre and 104.709kHz when using the multi-mode fibre. Both these count rates are compatible with the maximum trigger rate of the ICCD of 500kHz. With the pump laser off, we measured the background-count rate of the SPAD to be approximately 1kHz (see table 1 ).
Heralding efficiencies of the camera arm
The heralding efficiencies of the triggered multi-pixel detection system in the camera arm can be estimated from the number of detected photons on the ICCD. After applying threshold photon counting, the pixel outputs of each image acquired over an exposure time of τ = 2s are assigned a value "0" or "1", where "1" correspond to a photo-detection or a noise event [33, 34] . Typical examples of the obtained digitized images are shown in Fig. 6 . With the appropriate time-gating of the intensifier, these photo-detection events and those in the SPAD are associated with detections of photons belonging to the same generated pairs [7, 12] . The photo-detections on the CCD chip of an ICCD happen after the amplification of the input photons on the inten- sifier. This amplification process spreads the signal resulting from a single photon over neighbouring pixels on the CCD chip, reducing the resolution of the detection mechanism. Thus, a good estimation of the number of detected heralded photons is based on the number of generated photo-detection "islands" rather than the number of photo-detections on the CCD chip [7] . Using this counting methodology, we calculated the average number of detected events,N e , from the 1800 images taken with the single-or multi-mode trigger detection system with the ICCD in the image plane and far-field of the SPDC source. These numbers are summarized in table 1. We note that although a photo-event island is counted as a single detected photon, all excited pixels on the CCD chip contributed to the generated images in Figs. 3 and 5 .
From the average number of detected events per imageN e , we subtract the predicted number of noise eventsN n to obtain an estimation of the average number of detected heralded photons. The noise probabilities in a single-photon sensitive CCD can be estimated from a series of images acquired with the shutter of the camera closed [33, 34] . Using the same settings used for the signal acquisition, we acquired a series of 100 images with the shutter of the ICCD closed. Applying the same counting methodology for these images taken "in the dark", we obtain a prediction for the number of noise events per image (see table 1 ).
We define the heralding efficiency η H of the triggered detection system in the camera arm as
where S T and S BG are the trigger and background count rate of the SPAD in the object arm, respectively. The difference of these count rates in the denominator of the heralding efficiency (15) represents the average number of trigger photons per second. As these count rates are expressed in units of s −1 , we multiply them by the exposure time τ of the images to obtain the number of trigger events during an exposure of the ICCD. The measured values of these quantities along with the calculated heralding efficiency are summarized in table 1. The heralding efficiency (15) is the ratio between the average number of detected photons on the ICCD and the average number of trigger photons on the SPAD. Applying Eq. (15) to our set of data, we obtain η H ≈ 3% for the single-mode detection system and η H ≈ 1% for the multi-mode detection system (see table 1 ). It is perhaps surprising to notice the lower heralding efficiencies obtained for the multi-mode case. This difference, however, is attributed to the higher mean number of photons per image and limitations both in the detection mechanism of the camera and our photon counting methodology. As a photo-event manifest itself as a multipixel island of photo-detections on the CCD chip [12, 35] , photons arriving in neighbouring pixels within the same acquired image can generate a connected photo-detection island that is counted as a single-photon event with our counting algorithm. In this case, the number of photo-detection islands is no longer a good estimation of the number of detected photons. In the single-mode case, this does not affect the number of photons counted as the image is sparse (see Fig. 6 ). Therefore, the values for η H obtained with the data for the single-mode fibre is a better estimate of the heralding efficiency of our system. We note that the significantly higher heralding efficiencies achieved in this work as compared to [7] are due to the utilization of an ICCD with higher quantum efficiency (the quantum efficiency of our photocathode at the wavelength of 710nm is approximately 30%). It is important to notice that accidental detections of photons on the ICCD were not taken into account in the calculation of the heralding efficiencies in table 1. In our system, there are two sources of accidental detections of the photons in the camera arm. The first is based on multiple photon pair emissions within one gate time of the intensifier and the second is based on "false" triggers of the ICCD due to dark-counts in the SPAD. These accidental detections are clearly visible in the cross-section shown in Fig. 4(c) , where a low background intensity with the shape of the SPDC beam in the image plane [see Fig. 2(a) ] is present. As the triggering rate of the intensifier is greater for the multimode detection system, it is expected that a greater number of accidental detections is observed in this case. At the cost of increasing the sampling time required to acquire the images, the number of accidental detections can be reduced by reducing the down-conversion source intensity.
Conclusions
Spontaneous parametric down-conversion produces pairs of photons entangled over a wide range of spatial modes. Despite this rich entangled multi-mode structure of the photon pairs, fourth-order correlations are normally measured through the scanning of single-photon detectors across the detection planes. In this paper we used an approach based on a time-gated ICCD camera to obtain fourth-order images and diffraction patterns while observing the full transverse mode structure of the down-converted photons. This full-field coincidence detection system relies on the detection of one of the photons from a pair by a single-photon avalanche diode, the output signal from which is used as a trigger to a time-gated ICCD camera placed in the detection plane of the other photon [7, 12] .
Using the ICCD in this triggered configuration, we acquired ghost images and diffraction patterns of an object encoded on a spatial light modulator. Ghost images of the object were obtained both for the single-mode and the multi-mode detection of the trigger photons transmitted through the object. The observation of ghost diffraction patterns, however, required the projection of the trigger photons into a spatially coherent mode. It is interesting to notice that the use a pump laser prepared in a non-Gaussian spatial mode can lead to an anomalous behavour of the visibility of fourth-order diffraction and interference patterns with the detection aperture [10, 11] . Our approach can be utilised in the study of spatial correlations of photons from SPDC, particularly in fourth-order imaging techniques [13] [14] [15] [16] [17] and in the characterization of heralded single photon states such as in remote state preparation [25, 26] .
